We analyze the material removal mechanism of abrasive jet polishing (AJP) technology, based on the fluid impact dynamics theory. Combined with the computational fluid dynamics simulation and process experiments, influence functions at different impingement angles are obtained, which are not of a regular Gaussian shape and are unfit for the corrective figuring of optics. The influence function is then optimized to obtain an ideal Gaussian shape by rotating the oblique nozzle, and its stability is validated through a line scanning experiment. The fluctuation of the influence function can be controlled within AE5%. Based on this, we build a computed numerically controlled experimental system for AJP, and one flat BK7 optical glass with a diameter of 20 mm is polished. After two iterations of polishing, the peak-tovalley value decreases from 1:43λ (λ ¼ 632:8 nm in this paper) to 0:294λ, and the rms value decreases from 0:195λ to 0:029λ. The roughness of this polished surface is within 2 nm. The experimental result indicates that the optimized influence function is suitable for precision optics figuring and polishing.
Introduction
Recently, increasing requirements for aspheres, free forms, and micro-optics, together with growing fields of application, result in a strong need for novel optical finishing methods. Besides, more and more requirements are demanded in surface quality, surface precision, and subsurface damage, which are difficult for classical optical finishing methods [1, 2] .
Abrasive jet polishing (AJP), as a novel deterministic precision optical manufacturing technique, was first developed by Fähnle et al. at Delft University of Technology in 1998 [3] . Their research showed that it is feasible to utilize AJP for precision polishing. With AJP, they polished one flat BK7 optical glass, and the roughness of the surface (rms value) decreased from 475 nm to 5 nm. In AJP, abrasive particles and water are mixed adequately by mechanical stirring in a tank. Then the homogeneously mixed slurry is pumped by a low-pressure pump and guided through a special nozzle to form an abrasive jet. The jet sprays on the workpiece and finishes the polishing process. Finally, the slurry is collected, filtrated, and guided back to a tank for reuse. Performance of AJP can be controlled by the components, concentration, and velocity of the slurry and also the relative position and angle between the nozzle and workpiece.
Compared with traditional polishing methods, the AJP process has many advantages [4] . Firstly, because the polishing tool is a slight fluid jet, the surface polished will not be affected by the distortion of the polishing pan. The mechanical and physical characteristics will not be changed and will not induce heat damage. Secondly, the slender jet will be less restricted by the shape or space of the workpiece, and it will be suitable for polishing various complex surfaces, especially for steep cavities. Thirdly, the recycled polishing fluid will maintain the constant temperature of the workpiece, and it will weed out the machining debris automatically. Finally, the slender jet will produce a very small machining spot, and consequently has little edge effect, which is beneficial in polishing micro-optics and correcting midhigh frequency errors.
Based on theoretical analysis and simulation, the influence function of AJP is obtained and optimized through experiments in this paper. The stability of the optimized influence function is validated through experiments. Finally, some polishing experiments are accomplished on a BK7 sample.
Material Removal Mechanism
AJP is a complicated material removal process. It employs collisions and shearing actions between the abrasive particles and workpiece. Material removal includes two types: brittle removal and ductile removal, respectively. In the case of brittle removal, a load is applied to the surface, and it causes permanent impressions on the surface. The impressions grow with the increased load and, finally, cause material removal. Ductile removal is mainly caused by shearing actions [5] . In AJP, the abrasive particles are very small, and generally their speed is no more than 40 m=s. The kinetic energy of abrasive particles is not large enough to produce permanent impressions, so only ductile removal occurs in the AJP process.
According to hydrodynamics theory, the wall shear stress of a normal jet can be given as [6] :
The parameters in Eq. (1) are schematically shown in Fig. 1 . Here r is the jet radial distance, H denotes the incidence distance between the nozzle and the workpiece, and T 0 is the wall shear stress. Figure 2 is the normalized wall shear stress distribution of the normal impact jet. It indicates that the wall shear stress T 0 has the minimum value at the impact stagnant point. It increases with the radial distance r linearly from the center of the impact region to the maximal shear stress. Then T 0 decreases with the increase of r. As can be seen from Fig. 2 , the circular jet impact zone is about r=H ≤ 0:22.
We introduce a computational fluid dynamics (CFD) simulation for further research of material removal mechanism in AJP. With FLUENT commercial simulation software, we utilized the mixture model and a 3 D steady standard k − ε viscous model. To enhance the computing precision and speed, we minimized the local grid in the jet-dense area. In our simulations, the jet speed is 25 m=s and the diameter of the nozzle is 1 mm. Figure 3 is the profile of the velocity and stress distribution in the normal jetoperated zone. It shows that the polishing zone is about 3 mm. In the jet-operated zone, the slurry velocity decreases to zero rapidly, and this leads to quickly increasing pressure. At the stagnant point, the pressure reaches its maximal value. It forms a large pressure gradient, which makes the jet turn from an axial to a radial flow rapidly. Figure 3 (b) shows that when the liquid column sprays on the workpiece, the center of the column keeps a pressed state. With the increase of the radial distance, the pressure decreases to ambient pressure quickly, and this accelerates the radial flow of the slurry. When the pressure gradient disappears, the jet velocity will decrease with further increase of the radial distance. Figure 3 (a) indicates that the material removal in normal impact presents annular distribution, with an M-shaped cross section. Compared with Fig. 2 , we can conclude that the shearing actions of abrasive particles are the main cause of material removal in AJP process. When the impingement angle is 45°, the polishing zone is about 3:5 mm. The profile of the pressure distribution changes from an annular shape to an elliptical shape, and the velocity distribution gradually changes from an M shape to an irregular single peak [see Fig. 4 ]. Both of the changes are induced by the transformation of shear stress distributing.
Experimental Research of Influence Function
Based on the research of the material removal mechanism and CFD simulation, we make some experimental research on the shape of influence functions with different incidence angles. Experiments give similar results with Section 2 [see Fig. 5 ]. The material removal footprint is annular when the incidence angle is 90°. In the center of the polishing zone, the removed material is the lowest (almost zero). The profile through the spot center is approximately a W shape [see Fig. 5(a) ]. With the decreasing of the incidence angle, the influence function changes from annular to irregular crescent. Figure 5 (b) is the profile of the influence function at 60°, and it shows an irregular single-peak distribution in the cross section. According to the computer controlled polishing theory [7] , it is known that influence functions with no or less removal at the center can easily introduce high-frequency errors to the workpiece in polishing [8] , so it is unfit for finishing and polishing. What is more, owing to the small polishing zone in AJP (usually 1-3 mm), it is difficult for the irregular influence function to achieve a convergent surface figure in finishing. Therefore, we have to obtain an influence function with a Gaussian shape for optics polishing.
Researchers have proposed many methods for the Gaussian shape influence function, such as Fang et al. at Suchou University [9] . They introduce two methods: one is keeping the nozzle vertical or oblique while moving it in precession polishing. The other is keeping the nozzle fixed, rotating the workpiece while polishing. Horiuchi suggests keeping the nozzle normal and eccentrically rotating while machining [10] . The circular motion machining can obtain a near-Gaussian influence function. Actually, all the influence functions they obtained are usually of an irregular Gaussian shape, and sometimes they are not easily controlled, in practice, in the polishing process.
According to Preston's hypothesis, the polishing process in AJP can be expressed by a linear equation [11] : dRðr; θÞ ¼ kPðr; θ; αÞVðr; θ; αÞdt; ð2Þ in which dRðr; θÞ denotes the amount of removed material at point ðr; θÞ in polar coordinates, Pðr; θ; αÞ is the pressure on the workpiece at the incidence angle of α, Vðr; θ; αÞ is the relative velocity between abrasives and the workpiece, and k denotes Preston's coefficient related to the material properties and other process parameters, except pressure and relative velocity. From Newton's law, we know that the relation between the pressure P and wall shear stress τ s can be given as
where F is the normal load, S is the surface on which wear occurs, μ f is the ratio of friction force to normal load, and f is the frictional force between the workpiece and the abrasive particles. So Eq. (2) becomes dRðr; θÞ ¼ k μ f τ s ðr; θ; αÞVðr; θ; αÞdt:
Here, τ s ðr; θ; αÞ is the wall shear stress with the incidence angle of α. Then the material removal rate at point ðr; θÞ can be given by 
The relative velocity Vðr; θ; αÞ can be divided into components V n , perpendicular to the workpiece surface, and V t , in the plane, respectively:
Vðr; θ; αÞ ¼ V n ðr; θ; αÞ þ V t ðr; θ; αÞ:
But τ s ðr; θ; αÞ · V n ðr; θ; αÞ ¼ 0, so Eq. (5) 
where _ Wðr; θ; αÞ is the shear power. When keeping the incidence angle α constant, and rotating the slurry jet at a speed of ω around the stagnant point, we obtain the distribution of the removed material in one period T, namely distribution of the unit removed rate. It can be denoted as
where L is the maximal removal radius of the slurry jet. Equation (7) describes the 3D distribution of the removed material when rotating the slurry jet around the stagnant point. It is concluded that the distribution is related to the shear stress and the abrasive particles velocity toward the direction of the shear stress. Based on the experimental results and investigations above, we designed equipment for obtaining the ideal influence function. Keep the workpiece fixed, and make the nozzle oblique and rotating around the normal of the stagnant point [see Fig. 6 ]. The slurry is sprayed from the nozzle after passing through the hollow spindle and buffer cavity. In addition, in order to polish the inner part of concave optics (e.g., conformal ogive shapes), we put the nozzle under the workpiece and made the slurry spray upward to avoid slurry aggradations in the workpiece.
With the equipment we designed, some experiments were carried out for validating the influence function. In our experiments, a cone-shaped and columned nozzle with a diameter of 1 mm was chosen. The incidence angle was 60°, and the nozzle rotating speed was 60 rounds per minute. A pressure of 5 bars and a processing time of 1 min were used. Figure 7 shows the profile of material removal we achieved on a BK7 optical glass sample. It approximates an ideal Gaussian shape profile with the deepest part in the center. The transverse profile [see Fig. 7(c)] shows that the influence function is a highly central symmetric profile, which is suitable for computer controlled finishing and polishing. Generally, the Gaussian shape influence function Gðx; yÞ can be expressed as [12] Gðx; yÞ ¼ Re −
where R is the peak removal rate and σ is the Gaussian distribution parameter. Provided that d is the Gaussian shape beam diameter, where d ¼ 6σ, the profile of the Gaussian shape influence function can be shown, as in Fig. 8 . Experimental results in AJP indicate that when the rotating impacts with different impingement angles, a Gaussian shape influence function with the most removal amount at the center can always be obtained, and the only difference lies in the Gaussian shape beam diameter d and the peak removal rate R. To a certain extent, the more oblique the impingement angle is, the smaller the R and the larger the d that will be obtained. In addition, the Gaussian shape is also related to the impact pressure and the size of the liquid column. Considering the spatial structure of the polishing machining tool, we select 60°as the incidence angle in later experiments.
To verify the accuracy of the optimized influence function, we carried out linear scanning experiments. The workpiece was fixed, and the nozzle's linear traverse speed was 3 mm= min while rotating around the stagnant point. The experimental result was the appearance of a deep channel on the workpiece with a width of 4 mm [see Fig. 9(a) ]. The transverse profile [see Fig. 9(b) ] shows that the transversals perpendicular to the scanning direction have good consistency at different positions. Figure 9 (c) shows the longitudinal profile in the deepest part of the deep channel along the scanning direction. It is computed that the fluctuation of the influence function can be controlled within AE5%. This fluctuation is mainly caused by pressure fluctuation of the low-pressure pump and the size fluctuation of the abrasives: it will be obviously reduced by improving the stability of the pump and controlling the size of abrasive particles.
Experiments of Corrective Figuring
A Gaussian-shape influence function was applied to corrective figuring of a BK7 optical glass. The sample was premachined by the computer controlled optical surfacing technique, and it was flat with a diameter of 20 mm. A polishing liquid containing 5 wt:% abrasive grains of cerium oxide (CeO 2 ) was chosen. The grain mesh size and mean diameter were #12500 and 1 μm. The diameter of the nozzle was 1 mm, the ejecting pressure was 5 bars, and the velocity of the jet flow was 31 m=s. Figure 10 shows the polishing system during processing. In this system the incidence distance is about 30 mm. For a better view, the shield is not included in the picture. Figure 11 shows the experimental result obtained with a ZYGO GPI interferometer. The flatness was improved from PV ¼ 1:492λ to 0:294λ after two iterations, and the total machining time is about 240 min. The rms value was enhanced from 0:166λ to 0:029λ. Both were improved more than five times. Further iterations were canceled because of the accu- racy limitation of the CNC machine and the stability limitation of the influence function. The surface roughness after polishing was Ra ¼ 1:948 nm [see Fig. 12 ], which was slightly worse than the original value Ra ¼ 1:647 nm). But this can be improved further by optimizing the process parameters, such as increasing the size of the abrasive particles or decreasing the impact velocity [13] .
Conclusions
In this paper, some theoretical analysis and simulations are carried out. Then the influence function of AJP is obtained and optimized through experiments. The accuracy of optimized influence function is experimentally validated. The results show that fluctuation of the influence function can be controlled within AE5%. The causes and restraining approaches for the fluctuation are analyzed. Based on this, a Gaussian-shape influence function was applied to the corrective figuring of a BK7 optical glass. The flatness was improved from PV ¼ 1:492λ to 0:294λ after two iterations, and the rms value was improved from 0:166λ to 0:029λ. The roughness of the polished surface was Ra ¼ 1:948 nm. The experiments demonstrate the feasibility of the optimized influence function for corrective figuring of precision optics, and that it is practicable to apply AJP process to optical manufacturing.
